Parallels between neuron and lens fiber cell structure and molecular regulatory networks  by Frederikse, Peter H. et al.
Developmental Biology 368 (2012) 255–260Contents lists available at SciVerse ScienceDirectDevelopmental Biology0012-16
http://d
n Corr
E-mjournal homepage: www.elsevier.com/locate/developmentalbiologyParallels between neuron and lens ﬁber cell structure and molecular
regulatory networksPeter H. Frederikse a,b,n, Chinnaswamy Kasinathan b, Norman J. Kleiman c
a Department of Pharmacology and Physiology, UMDNJ-New Jersey Medical School, 185 South Orange Avenue, MSB H645, Newark, NJ 07103, United States
b Department of Oral Biology, UMDNJ-New Jersey Dental School, Newark, NJ 07103, United States
c Department of Environmental Health Sciences, Mailman School of Public Health, Columbia University, New York, NY, USAa r t i c l e i n f o
Article history:
Received 28 March 2012
Received in revised form
18 May 2012
Accepted 19 May 2012





Polypyrimidine tract binding proteins
miRNA
Developmental mechanisms06/$ - see front matter & 2012 Elsevier Inc. A
x.doi.org/10.1016/j.ydbio.2012.05.022
esponding author. Fax: þ1 973 972 7950.
ail address: frederph@umdnj.edu (P.H. Fredera b s t r a c t
Studies over the past ﬁfty years have identiﬁed extensive similarities between neurons and elongated
ﬁber cells that make up in the interior of the ocular lens. Electron micrographs showed parallels in the
organization of their intracellular vesicle transport machinery and between lens ﬁber cell lateral
protrusions and dendritic spines. Consistent with those observations, a number of gene products ﬁrst
characterized as highly neuron-preferred in their expression were also demonstrated in lens ﬁber cells.
Going further, a fundamental network of regulatory factors with critical roles in determining the
neuronal phenotype were also identiﬁed in lenses, and showed a corresponding mutually exclusive
distribution of neural and non-neural factor isoforms in mitotic lens epithelial cells and post-mitotic
ﬁber cells consistent with their interlocking functions in neural cells. These included REST/NRSF
transcription factors, members of major RNA binding protein families, and ‘‘brain-speciﬁc’’ miRNAs that
were each shown to have global roles in governing neural and non-neural gene expression and
alternative transcript splicing in vertebrates. This review discusses these extensive parallels between
neurons and ﬁber cells and implications regarding common themes in lens and neural cell physiology
and disease, which may also suggest related evolutionary processes.
& 2012 Elsevier Inc. All rights reserved.Introduction
Neurons are considered one the most ancient and specialized
cells in the body, and are distinguished by their highly elongated
cellular processes, microtubule and synaptic vesicle transport
system that runs along their axial length, and by arrays of
dendritic spines which form along their lateral surfaces (Alberts
2007). However, research over the past several decades described
a surprising number of detailed parallels between neural cells and
elongated ﬁber cells that make up the interior of the ocular lens.
In the 1960s, electron microscopists ﬁrst described similar mor-
phological features for lens ﬁber cells (Byers and Porter, 1964;
Arnold, 1966; Kuwabara, 1968). Lens ﬁber cells are 3–8 mm
across and become 1 cm in length in some animals, and also
produce regular arrays of cellular protrusions on their lateral
surfaces (Zhou and Lo, 2002; Radley et al., 2006; Fig. 1). Lens
development has been a topic of intense investigation and the
subject of a number of reviews in the literature (e.g. Robinson,
2006). Although the lens and brain have ectodermal origins at
early stages in animal development, the lens placode derives fromll rights reserved.
ikse).surface ectoderm, whereas the brain and retina arise from neural
ectoderm (Robinson, 2006).
Vertebrate lenses are covered on their anterior surface by a
layer of small cuboidal (10–20 mm) mitotic epithelial cells
(Fig. 1). Near the anterior/posterior equator these cells exit the
cell cycle and begin to elongate as they move into the lens interior
in a process that continues throughout life. A few hundred
microns from the lens surface ﬁber cells undergo terminal
differentiation that includes the loss of all organelles. Electron
micrographs by Byers and Porter (1964) were among the ﬁrst to
demonstrate the elaboration of an oriented microtubule system
along the axial length of ﬁber cells which begins during the initial
stages of ﬁber cell differentiation. Likewise, Arnold (1966)
described microtubules in invertebrate cellular lenses in squid.
Lo and co-workers (Lo et al. 2003) showed lens microtubules
exhibit a ‘‘Ferris-wheel’ construction when viewed end-on, con-
sistent with polarized vesicle transport, and observed lens micro-
tubules in close apposition to membrane vesicles that suggests
similarities with neuronal vesicle transport. Further comparisons
that examined the regular distribution of cellular protrusions on
lateral surfaces of lens ﬁber cells showed they have a number of
features that appear to be similar to neuronal dendrites
(Hollenberg et al., 1976; Lo et al. 1991, 1997; Zhou and Lo,
2003; Fig. 1). In contrast to neuronal dendritic spines, lens ﬁber
Fig. 1. Mitotic epithelial cells cover the anterior lens hemisphere; near the lens equator these cells exit the cell cycle and begin to elongate as they move into the lens
interior. (A) Lens diagram and (B) hematoxylin and eosin stained rabbit lens parafﬁn section near the equatorial margin of the lens. (C) Scanning electron micrograph of rat
lens ﬁber cells showing regular arrays of lateral protrusions. Arrowheads indicate mature (black) and smaller budding (white) protrusions. Bar¼1 mm (Zhou and Lo, 2002;
with permission from Elsevier). (D) Neuron dendrite segments from rat cortex. Images are reconstructed from deconvolution ﬂuorescence microscopy images. Bar¼5 mm.
Radley et al., 2006; by permission of Oxford University Press. (E) Glutamate AMPA receptor subunit GluA2 (GluR2) detected along lens ﬁber cell lateral edges in rabbit lens.
Parafﬁn sections dewaxed in xylenes and alcohol washes were blocked in 10% goat serum/PBS and probed overnight with anti-GluA2 (Epitomics). Fluor-conjugated 21
antibodies (Invitrogen) were used to visualize immune complexes. No 11 antibody and normal serum controls produced no signal (not shown). Asterisk in panel A indicates
region shown in panel E. Original magniﬁcation: B: 100X, E: 600X.
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ball-and-socket connections between adjacent lens ﬁber cells, and
have been observed in a variety of species (Zhou and Lo, 2003). Lens
lateral protrusions and neuronal dendrites are 0.5–3.0 mm in
length (Fiala and Harris, 2001; Zhou and Lo, 2003), and each exclude
microtubules and are enriched in actin ﬁlaments. Consistent with
similar morphology, both lateral surface structures contain proteins
linked with vesicle-membrane interactions in dendritic spines, and
for example are enriched in clathrin and AP-2 proteins linked with
vesicle endocytosis (Zhou and Lo, 2003).Shared gene expression in lens ﬁber cells and neurons
In addition to their highly elongated cell morphology, neurons
are also fundamentally differentiated from most other cells in the
body by the coordinated expression of a large number of genes
and alternatively spliced transcripts required for the construction
and function of their elongated cellular processes, vesicle trans-
port system, and specialized neural cell signaling (Lunyak and
Rosenfeld, 2005; Boutz et al., 2007; Makeyev et al. 2007; Noh
et al., 2012). A number of these gene products were originallydesignated neuron-preferred or neuron-speciﬁc in their expres-
sion, however, lenses were not considered. These include such
hallmark neural gene products as synapsin 1, 2, and 3, synapto-
physin, synaptotagmin, neuronal kinesins, and the neuronal
microtubule protein bIII-tubulin which is used often as a neuronal
marker. This list of apparent similarities in neuronal and ﬁber cell
morphology suggested the same sets of gene products may be
required in both cell types. Investigations showed that in addition
to clathrin and AP-2 proteins on lens lateral protrusions and
dendritic spines, an unexpected number of these gene products
that are expressed in a concerted manner in neurons were also
identiﬁed in the lens, and detected predominantly in elongated
ﬁber cells (e.g. Frederikse et al., 2004). A common set of synaptic
vesicle transport genes, neuronal tubulins and kinesins and the
Alzheimer Ab precursor protein, which has been shown to act as
an important kinesin binding partner in neuronal vesicle trans-
port (Stokin et al., 2005), are also expressed in the lens (Frederikse
et al., 1996; Bitel et al., 2010). In addition proteins involved in Ab
metabolism and processing were also found to be expressed in
the lens (Li et al., 2003). Moreover, examination of syanpsin
proteins in embryonic rodent lenses provided evidence that
lens synpasins also undergo serine-9 phosphorylation and
Fig. 2. The REST/NRSF regulatory network in lens and neural cell differentiation.
REST/NRSF transcription factor activities are integrated with those of PTB RNA
binding proteins and miR-124. As REST/NRSF decreases and is replaced by truncated
REST4 in neural progenitors, suppression is relieved for 42000 genes (e.g. miR-124,
Syn1, Syp, Syt, bIII-tubulin, and GluA2). In post-mitotic neurons, miR-124 suppression
of PTB permits nPTB expression. Likewise, ubiquitous HuR/neuronal HuD and ‘‘brain-
speciﬁc’’ Fox-1 RNA binding proteins show differential expression in neural progeni-
tor and non-neural cells. Corresponding mutually exclusive expression of factors was
shown in mitotic lens epithelial cells that cover the anterior surface, vs. post-mitotic
elongating ﬁber cells in the lens interior. Last, REST/NRSF regulated GluA2 is also
expressed in lens ﬁber cells, and also undergoes codon 607 RNA editing in the lens.
Asterisks indicate gene suppression demonstrated in neural cells, consistent with
expression observed in lens.
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non-phosphorylated synapsins in lens ﬁbers, noting that these
modiﬁcations were ﬁrst shown to be involved in the regulation of
neurite outgrowth (Kao et al., 2002). In addition, parallels have
also been noted in the lens expression of axon guidance proteins
(Cooper et al., 2008, Deschamps et al. 2010).REST/NRSF transcription factors in lens
The expression of several members in this complement of
neuronal genes also demonstrated in lens ﬁber cells was shown to
be regulated by a transcription factor with a global role in
governing vertebrate gene expression (Chen et al., 1998; Lunyak
and Rosenfeld, 2005). The RE-1 Silencing Transcription Factor
(REST), also known as Neuron Restrictive Silencing Factor (NRSF)
is expressed in most, if not all, non-neural tissues and neural
progenitor cells during vertebrate development. REST/NRSF binds
cognate DNA regulatory sites in 42000 genes that would be
expressed in neurons to suppress their expression in non-neural
cells. As a result REST/NRSF has an over-arching role in differ-
entiating neural cell gene expression from gene expression in
most other cells in the body, and was identiﬁed as a ‘‘master
regulator of the neuronal phenotype’’ (Lunyak and Rosenfeld,
2005). As neural progenitors exit the cell cycle and begin cell
process formation, REST/NRSF decreases and permits the coordi-
nated expression of this large battery of neuronal genes. REST/
NRSF is replaced by alternatively spliced REST4, which is missing
a key repressor domain and facilitates relief from REST/NRSF
suppression in post-mitotic neurons (Shimojo et al., 1999).
Synapsin 1 and bIII-tubulin have been studied in detail as targets
of REST/NRSF suppression (Schoch et al., 1996; Chen et al., 1998),
and their expression in the lens (Bitel et al., 2010) suggested
REST/NRSF and REST4 have related roles in this tissue as well.
Examination of lenses showed REST/NRSF is predominantly pre-
sent in mitotic lens epithelial cells and REST4 in lens ﬁbers,consistent with ‘neural’ gene expression in lens ﬁber cells that
included synapsin 1 and bIII-tubulin.Key accessory factors in the REST/NRSF regulatory network
occur in the lens
REST/NRSF regulation of neural and non-neural gene expres-
sion was found to be tightly integrated with the functions of an
additional set of basic molecular factors that control alternative
transcript splicing, mRNA metabolism, and repression of non-
neural gene expression. Similar to REST/NRSF and REST4, major
classes of RNA binding proteins (RBPs) that have global roles in
the regulation of alternative splicing and mRNA functions in
vertebrates in tissues throughout the body (Hinman and Lou,
2008; Boutz et al., 2007; Makeyev et al., 2007; Kuroyanagi, 2009)
are also incorporated into this regulatory network. Moreover,
similar to REST/NRSF regulated gene expression, RBP isoforms
with neural and non-neural speciﬁcity were identiﬁed that also
act to fundamentally differentiate alternative splicing events in
neural cells from most other cell types in the body.
Polypyrimidine tract binding protein (PTB; PTBP1) and its
neuronal counterpart (nPTB: PTBP2) are considered to have a role
in 425% of all alternative splicing events in mammals, and
estimates indicate 490% of all transcripts undergo alternative
splicing (Boutz et al., 2007; Makeyev et al., 2007). Like REST/NRSF,
PTB is expressed in most non-neural tissues and mitotic neural
progenitor cells. As neural progenitors exit the cell cycle PTB
decreases, and is replaced by nPTB in post-mitotic neurons. This
process is required for the comprehensive reprogramming of
alternative splicing events shown to occur speciﬁcally in post-
mitotic neurons. Analogous to what occurs during neurogenesis,
PTB and nPTB showed a matching differential distribution of PTB
expression in lens epithelial cells and nPTB in post-mitotic ﬁber
cells (Bitel et al., 2010).
Additional classes of RBPs described as having major roles in
determining alternative splicing in mammals and differentiating
neural and non-neural alternative splicing activities and mRNA
metabolism include Hu proteins and the Fox-1 family (Anderson
et al. 2000; Hinman and Lou, 2008; Kuroyanagi, 2009). Non-
neural HuR and ‘neural’ HuD also showed mutually exclusive
expression patterns in lens epithelial cells and post-mitotic ﬁber
cells consistent with their role in neurons (Bitel et al., 2010;
Bolognani and Perrone-Bizzozero, 2008). Examination of HuD
function in transgenic mice showed a predicted gain of function
increase in expression of hallmark HuD gene targets (GAP-43 and
CamKIIa) in the lens, and agreed with transgenic HuD expression
effects shown by others in the brain (Bitel et al., 2010).
By contrast, Fox-1 and Fox-2 primary transcripts undergo alter-
native splicing of ‘‘brain-speciﬁc’’ exons to confer what has been
termed ‘neuronal’ speciﬁcity on their alternative splicing activ-
ities. Consistent with each of these ﬁndings described above, and
its role in neural cells, Fox-1 and Fox-2 were also detected in lens
ﬁber cells and showed predominant inclusion of these ‘‘brain-
speciﬁc’’ exons (Bitel et al., 2011). These ﬁndings agree with
studies that identiﬁed Fox-1 as having a role in determining nPTB
expression in neurons (Jin et al., 2003; Kuroyanagi, 2009), and by
extension in lens ﬁber cells. The RBP Musashi-1 protein was
shown to function in retinal cell differentiation and also detected
at the lens equator as epithelial cells begin to elongate, however,
tissue-speciﬁc Musashi-1 isoforms have not been reported to date
(Raji et al., 2007; Nickerson et al., 2011). Lastly, experiments to
test for alternative splicing events linked with PTB/nPTB regula-
tion in neurons (Fig. 2) provided evidence that characteristic
alternative splicing events originally characterized as occurring
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2011).Neuronal miRNAs also expressed in the lens
A further layer of gene regulation which is also an integral
part of the REST/NRSF and RBP regulatory network in neurons
involves the actions of speciﬁc microRNAs (Fig. 2). miR-124 was
shown to have a pivotal role in the REST/NRSF network to
promote neural cell identity (Conaco et al. 2006). miR-124 was
ﬁrst characterized as brain-speciﬁc and shown to suppress
hundreds of non-neural genes in neurons in 46 tissue types
examined, with lenses not considered (Lim et al., 2005). When
mammalian lenses were examined using northern blot techni-
ques (Frederikse et al., 2006), mouse and rat lenses showed the
expression of miR-124 as well, although its relative distribution
in speciﬁc lens cell populations in mammals has not yet been
determined. Moreover, miR-124 was shown to be up-regulated
during lens regeneration in Newts (Makarev et al., 2006).
In non-neural and neural progenitor cells REST/NRSF sup-
presses miR-124 gene expression, which was described as
helping to maximize the contrast between neuronal and non-
neuronal cell phenotypes. (Conaco et al., 2006; Fig. 2). In these
same cells, PTB suppresses nPTB expression by forcing exclu-
sion of nPTB exon 10 during its alternative splicing, and causes
these transcripts to be degraded by nonsense mediated decay
(Makeyev et al., 2007). As neural progenitors exit the cell cycle,
REST/NRSF decreases and miR-124 is expressed. In post-mitotic
neurons PTB is a target of miR-124 suppression, which in turn
allows inclusion of exon 10 in nPTB transcripts and productive
translation of nPTB protein (Makeyev et al., 2007). Thus, these
concerted actions require the mutually exclusive expression of
REST/REST4, PTB/nPTB and miR-124 factors to allow neural
cells to differentiate as well as for the comprehensive repro-
gramming of alternative splicing that occurs speciﬁcally in
neurons (Boutz et al., 2007; Makeyev et al., 2007). Further
evidence that this regulatory paradigm also operates in the lens
comes from studies that identiﬁed PTB expression preferen-
tially in lens epithelial cells and nPTB in lens ﬁbers (Bitel et al.,
2010) and demonstrated that nPTB exon 10 is also included in
transcripts isolated from the lens (Bitel et al., 2011).miRNAs linked with regulation of dendrite morphology are
expressed in the lens
Manipulation of miR-124, miR-125 and let-7 miRNA expres-
sion was shown to have speciﬁc effects on dendrite morphology,
and inﬂuences the number, length and width of dendritic spines
on lateral surfaces of neurons (Edbauer et al., 2010). Each of these
microRNAs are evolutionarily conserved in animals, and allowed
for examination of their expression in the lens in vertebrate and
invertebrate species. In addition to lens expression of miR-124,
northern blots provided evidence that each of these miRNAs are
also expressed in mouse and rat lenses (Frederikse et al., 2006),
and interestingly, examination of total RNA from squid and
goldﬁsh lenses also detected the presence of these miRNAs in
the lens (Bitel et al., 2012). Moreover, in addition to miR-124, let-
7 was also shown to have a key role in lens regeneration in the
Newt (Nakamura et al., 2010). These ﬁndings suggest their lens
expression appears to be conserved in vertebrate and invertebrate
cellular lenses. However, any speciﬁc role for these miRNAs in the
regulation of lens lateral protrusion morphology remains to be
determined.Cell physiology in lens cells and neurons
Glutamate is the major excitatory neurotransmitter in the
brain, and ionotropic glutamate AMPA receptors (AMPARs) are
the most common receptor in the nervous system (Higuchi et al.,
2000; Noh et al., 2012). AMPARs are comprised of GluA1-4 (GuR1-4)
subunits assembled in different combinations, and also have a
fundamental role in regulating calcium entry in neurons (Bennett
et al., 1996). Similar to the brain, calcium accumulation is also a
hallmark of lens disease and cataract formation (Adams, 1929; Tang
et al., 2003). In neurons, AMPAR GluA2 plays a pivotal role to limit
calcium entry; without GluA2, AMPARs allow calcium entry that is
nearly 10-fold greater than normal and is toxic. As a result, GluA2
has also been identiﬁed as one of the most important REST/NRSF
targets of gene regulation in the brain (Huang et al., 1999; Noh et al.,
2012). However, in addition to its regulated expression, GluA2
undergoes RNA editing which alters an amino acid at codon 607
within the calcium pore that is critical for the ability of GluA2 to
limit AMPAR calcium permeability (Higuchi et al., 2000). As a result,
neuronal AMPARs almost exclusively include RNA-edited GluA2,
and is necessary to limit neuronal calcium to tolerable levels.
Appearing consistent with these observations, GluA expression
and speciﬁcally GluA2 were demonstrated largely in lens ﬁber cells
in mice and rats (Farooq et al., 2012). Examination of GluA2 protein
in rabbit lenses showed increased detection along the lateral
surfaces of lens ﬁber cells (Fig. 1), and future studies can determine
if any speciﬁc association with lateral protrusions occurs in the lens.
GluA2 tyrosine phosphorylation and STEP phosphatases associated
with regulated GluA2 membrane localization in neurons were also
detected in rodent lenses (Farooq et al., 2012). Perhaps surprisingly,
GluA2 also showed codon 607 RNA editing in the lens (Farooq et al.,
2012). AMPAR subunit composition and GluA2 RNA editing are basic
determinants of memory as well as primary brain disorders and
degenerative diseases such as epilepsy, ALS, and increasingly linked
with mood disorders (Higuchi et al., 2000; Martinez-Turrillas et al.,
2002). As a result, AMPARs are targeted by a number of widely
prescribed antiepileptic and antidepressant medications, and sug-
gests these drug targets are also available in the lens (Farooq et al.,
2012 and Refs. within). In light of numerous parallels in lens and
neural cell structure as well as gene expression and its regulation,
AMPARs and GluA2 may also contribute in a related manner to the
regulation of calcium physiology in the lens. Furthermore, AMPARs
and GluA2 were found to inﬂuence the construction of neuronal
dendritic spines (Hamad et al., 2011), which may also be mirrored in
the lens with respect to the formation of lens lateral protrusions.
Additional examples of proteins linked with ion control expressed in
both the lens and neurons include P2-receptors. P2Px proteins were
shown to be largely expressed in equatorial lens cells and cortical
ﬁber cells (Suzuki-Kerr et al., 2010), and are also linked with REST/
NRSF regulation in mammals (Ariano et al., 2010).Summary
Detailed studies of lens cells and neurons from the cellular to
molecular levels over the past decades has uncovered an unex-
pectedly extensive list of parallels between these two cell types.
A number of genes expressed in both cell types involved in the
construction of these elongated cell types that have apparently
similar surface and sub-cellular structures may suggest related
functions as well. Consistent with morphological similarities
described ﬁrst, additional surprising ﬁndings made at the mole-
cular level include demonstrations that a fundamental set of
regulatory factors whose coordinated expression was initially
characterized as speciﬁc to neuronal development, with counter-
part isoforms shown to have an over-arching role in vertebrate
P.H. Frederikse et al. / Developmental Biology 368 (2012) 255–260 259development, also appears to be used in the lens in a parallel
manner. It is noteworthy that both cell types coordinate impor-
tant aspects of gene regulation at the level of transcription,
alternative transcript splicing, and suppression of inappropriate
gene expression with a common set of molecular factors that
show a matching distribution in mitotic and post-mitotic lens
cells. Further evidence this network may function the same in the
lens comes from the examination of genes and alternatively
spliced transcripts governed by this regulatory network in neu-
rons, which showed they are expressed in the lens with a
distribution that is consistent with their expression during
neurogenesis. We note that the gene products and interlocking
regulatory factors discussed here may be considered to form a
‘neuro-sensory regulon’. However, characteristic lens genes and
their products which notably include the crystallins have not
been linked with this ‘regulon’ to date, and additional studies will
be required to determine how the full complement of lens genes
are integrated to produce the precise optical properties required
for lens function.
Together, these remarkably diverse and detailed parallels
between lens cells and neurons may also suggest a unique and
close relationship between neuron and lens cell development
which may have been reﬂected in these two cell types during the
course of animal evolution. Future studies can determine if the
evolution of hallmark neuronal features and developmental
processes discussed here may have had contributions that
occurred in the lens, and resolve additional speculation that some
characteristic neuronal developmental processes may have had
their origins in the lens. Finally, parallels between lens and brain
that extend to the expression of major neurotransmitter receptor
proteins, and suggests key aspects of their regulation in lens is
shared with neurons, may also indicate that fundamental neuro-
nal disease paradigms may also be mirrored in the lens.Acknowledgments
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